To report intraoperative and 24-month refractive, topographic, tomographic, and aberrometric outcomes after corneal collagen cross-linking in progressive advanced keratoconus.
A NEW TREATMENT, UV CORn e a l c o l l a g e n c r o s slinking (CXL), has been recently introduced to reduce the progression of noninflammatory corneal degeneration such as keratoconus, pellucid marginal degeneration, and ectatic corneal disorders after corneal refractive procedures. [1] [2] [3] The treatment consists of CXL by the photosensitizer riboflavin and UV-A light preceded by corneal epithelial removal. 4 Since the early 1990s, basic laboratory studies have demonstrated that CXL caused a long-term increase in corneal biomechanical rigidity by stiffening the human cornea by more than 300%, 5 increasing the collagen fiber diameter by 12.2%, 6 and inducing the formation of highmolecular-weight collagen polymers, with a remarkable chemical stability. 7 Subsequent clinical studies have shown the safety and efficacy of the procedure in reducing the deterioration of normally progressive corneal disorders. 3, 8 However, an intraoperative and postoperative topographic analysis of CXL ef-fects on keratoconic corneas has not yet been performed. In this study we examined corneal topographic changes during the CXL procedure and refractive, topographic, tomographic, and aberrometric outcomes 24 months after CXL in eyes with progressive stage III keratoconus (Amsler-Krumeich classification). [9] [10] [11] [12] 
METHODS

POPULATION
Twenty-eight eyes of 28 patients (8 women and 20 men) in whom keratoconus progression in 1 eye was documented in the preceding 6 months were enrolled in this prospective nonrandomized, single-center study. We also observed the contralateral keratoconic eyes and compared the corneal variables with those of the treated eyes.
Preoperative keratoconus progression was confirmed by serial differential corneal topography and by differential optical pachymetry analysis in all eyes included in the study. 13 The Amsler-Krumeich classification was used for keratoconus grading. [9] [10] [11] [12] Inclusion criteria were documented keratoconus progression in the previous 6 months, corneal thickness of at least 400 µm at the thinnest point, and age 18 to 60 years.
The age of the patients included in the study ranged from 24 to 52 years. Of the treated eyes, 8 were right and 20 were left eyes. Keratoconus in all treated eyes was graded as stage III according to the Amsler-Krumeich classification. Keratoconus in the untreated contralateral eyes was graded as stages I and II.
Exclusion criteria included corneal thickness of less than 400 µm at the thinnest point, 5,14-17 pregnancy, and a history of herpetic keratitis, severe eye dry, concurrent corneal infections, concomitant autoimmune diseases, or any ocular surgery. The study received institutional review board approval by the ethical committee of Istituto Clinico Humanitas and was conducted according to the ethical standards set in the 1964 Declaration of Helsinki, as revised in 2000. All patients signed an informed consent form.
Corneal topography was performed in all treated eyes before epithelial scraping and immediately after epithelial debridement. At baseline and at each of the postoperative follow-up examinations (1, 3, 6, 12 , and 24 months after treatment), all patients underwent the examinations described in the following section.
EXAMINATIONS
Visual acuity was assessed with the Early Treatment Diabetic Retinopathy Study logMAR charts (Lighthouse International, New York, New York). [18] [19] [20] Measurements were made with best correction after a noncycloplegic refraction at 4 m.
Corneal topography was performed with a commercially available corneal topographer (CSO EyeTop Topographer; Compagnia Strumenti Oftalmici, Florence, Italy). The corneal topographer analyzes 6144 points (24 rings each with 256 radial spots) across a 9.5-mm 2 corneal surface area. Repeatability is ±0.03 mm for axial and instantaneous maps and ±0.5 µm for elevation maps. The sensitivity of the technique for keratoconus detection is 98.5%. 21 A refractive surgery platform (OPD-Scan, Optical Path Difference Platform; NIDEK Co Ltd, Gamagori, Japan) was also used to supply data on topography by means of the 21 Klyce indices provided by the manufacturer's classifier corneal topography map (Corneal Navigator TopoClassifier Map; NIDEK Co Ltd). [22] [23] [24] [25] [26] [27] We evaluated corneal lower-and higher-order aberrations to the seventh order for a 7-mm pupil using a corneal aberrometry program (CSO EyeTop Topographer).
We performed an anterior chamber analysis with optical tomography (Pentacam HR scanner; Oculus Inc, Lynnwood, Washington), a reliable tool for imaging and measuring the anterior segment of the eye using a rotating Scheimpflug camera. [26] [27] [28] [29] [30] Ambró sio indices were also evaluated to classify different stages of keratoconus with respect to volume calculations and corneal thickness measurements across the entire cornea. 31 We performed endothelial biomicroscopy using a specular microscope (Konan Medical Inc, Hyogo, Japan) according to the method described by Prinz et al. 32 
CXL PROCEDURE
All patients underwent CXL as a day-surgery procedure. Analgesic medication was administered 30 minutes before the procedure. Pilocarpine drops, 2%, were instilled in the eye to be treated to reduce the amount of light rays potentially harmful to the lens and retina.
The procedure was conducted under sterile conditions in the operating suite. After topical anesthesia with 2 applica-tions of lidocaine hydrochloride drops, 4%, and benoxinate hydrochloride (oxybuprocaine hydrochloride), 0.2%, the corneal epithelium was abraded in a central, 9-mm-diameter area with the aid of an Amoil brush.
Before beginning UV-A irradiation, photosensitizing riboflavin in a 0.1% solution (10 mg of riboflavin 5Ј-phosphate in a 20% dextran T-500 10-mL solution [Ricrolin]; SOOFT Italia SRL, Montegiorgio, Italy) was applied to the cornea every minute for 30 minutes to achieve adequate penetration of the solution. Using a slitlamp with the blue filter, the surgeon (P.V.) confirmed the presence of riboflavin in the anterior chamber before UV-A irradiation was started. The cornea was exposed to a UV source emanating from a solid-state device (UV-X System; Peschke Meditrade GmbH, Huenenberg, Switzerland) that emits light at a mean (SD) wavelength of 370 (5) nm and an irradiance of 3 mW/cm 2 or 5.4 J/cm 2 . Exposure lasted for 30 minutes, during which time the riboflavin solution was again applied, but only once every 5 minutes. The cropped light beam has a 5-to 7-mm diameter. A calibrated UV-A meter (Laser-Mate-Q; Laser 2000 GmbH, Wessling, Germany) was used before treatment to check the irradiance at a 5-cm distance.
Postoperatively, patients received cyclopentolate hydrochloride and levofloxacin drops. A bandage soft contact lens was applied until reepithelialization was complete. Topical levofloxacin was given 4 times daily for 7 days; dexamethasone 21-phosphate drops, 0.15%, 3 times daily for 20 days; and hyaluronate sodium drops, 0.15%, 6 times daily for 45 days. In addition, all patients received oral amino acid supplements for 7 days. 33 The mean (SD) reepithelialization time was 46 (11) hours. All patients were followed up for 24 months.
DATA ANALYSIS
Statistical analyses were performed with a commercially available computer software package (Statistica; StatSoft Inc, Tulsa, Oklahoma). All data are reported as mean (SD). The normality of the data was tested using the Kolmogorov-Smirnov test and the normal probability plot. The paired t test was used to check the significance of the difference between 2 dependent groups. The level of statistical significance was set at PϽ.05.
RESULTS
VISUAL ACUITY RESULTS
The uncorrected and best spectacle-corrected visual acuity (VA) data, expressed in logMAR units and covering the entire follow-up period, are summarized in Table 1 . Improvement in uncorrected and best spectacle-corrected VA was statistically significant (P = .048 and P Ͻ .001, respectively) when we compared the preoperative with the postoperative data 24 months after CXL.
REFRACTIVE RESULTS
The mean preoperative spherical equivalent was −3.37 (2.64) diopters (D), with a mean sphere of −1.86 (2.58) D and a mean cylinder of −3.02 (1.74) D. Two years after CXL, the mean spherical equivalent was −2.56 (2.68) D; mean sphere, −1.22 (1.65) D; and mean cylinder, −2.68 (1.12) D. The differences in preoperative and 24-month postoperative mean sphere and mean cylinder were statistically significant (P =.03). Vector analysis showed an ( Table 2 . The mean baseline flattest meridian keratometry, steepest meridian keratometry, and average keratometry were 46.10, 50.37, and 48.08 D, respectively. Twenty-four months after treatment, these readings were 45.43, 49.02, and 46.97 D, respectively, differences that were statistically significant for all 3 variables (P Յ .04). Table 3 lists keratoconus indices obtained with the corneal topographer during follow-up. Mean baseline average pupillary power, apical keratometry, apical gradient curvature, inferior-superior symmetry index, and cone surface area were 47.50, 58.94, and 8.41 D and 11.66 and 9.53 mm 2 , respectively. Twenty-four months after CXL, these indices were 46.76, 57.36, and 7.86 D and 10.43 and 8.75 mm 2 , respectively. All 5 indices were significantly lower (PՅ.04) 24 months postoperatively, showing a flattening effect on the keratoconic cornea. Twenty-four months after CXL, the flattest meridian keratometry showed a mean reduction of 0.49 D, whereas the steepest meridian keratometry showed a mean reduction of 1.19 D. Average pupillary power and apical keratometry showed mean reductions of 0.68 and 1.06 D, respectively.
TOPOGRAPHIC RESULTS
Topographic astigmatism measured with the corneal topographer during follow-up is shown in
The mean baseline steepest meridian keratometry, simulated cylinder, and apical keratometry measurements were 46.10, −4.27, and 58.94 D, respectively.
After epithelial debridement these measured 53.59, −6.10, and 61.45 D, respectively, differences that were statistically significant for all 3 variables (P Ͻ .05). As apparent from the data in Tables 2 and 3 , topographic astigmatism significantly increased immediately after epithelial removal (before UV-A irradiation was initiated) but decreased during the first 6 postoperative months.
The advanced elevation map obtained with the corneal topographer showed a statistically significant flattening of the keratoconus apex of 11 µm between the preoperative anterior elevation map taken immediately after epithelial scraping and the postoperative anterior elevation map 1 month later (P = .04). Instantaneous map comparisons of the steepest point of the anterior surface curvature showed a mean change from 58.82 D before epithelial removal to 61.05 D after scraping and to 60.54 D 1 month after CXL. The flattest point of the anterior surface curvature before epithelial debridement, after scraping, and 1 month after CXL showed a mean change from 36.44 D to 32.77 to 34.12 D, respectively. None of these differences was statistically significant.
Klyce indices obtained with the refractive surgery platform were analyzed in treated and untreated eyes at baseline and 12 and 24 months after CXL. Preoperative differences between the 2 groups with respect to the indices were statistically significant, as shown in Table 4 . Twenty-four months after CXL, several of the Klyce indices of the treated eyes had significantly decreased (P Ͻ .05). In contrast, several of the Klyce indices of the 
ABERROMETRIC RESULTS
Corneal higher-order aberrations for a 7-mm pupil were measured preoperatively and 24 months after CXL using the corneal aberrometry program. The results are shown in Table 5 .
The total root mean square significantly decreased from 28.85 (3.21) to 25.2 (2.87) µm (P=.047), with a consistent reduction in all corneal aberrations up to the seventh order andastatisticallysignificantreductioninZ 0 (piston)(P=.04), Z 2 (defocus) (P=.046), and Z 7 (III coma) (P=.04).
TOMOGRAPHIC RESULTS
Mean baseline pupil center pachymetry and total corneal volume measured with the optical tomographer were 490.68 (30.69) µm and 59.37 (4.36) mm 3 , respectively. Twelve months after CXL, they had decreased to 470.09 (29.01) µm and 57.17 (3.21) mm 3 , respectively, differences that were statistically significant (P =.045). These values rose to 479.91 (32.21) µm and 58.28 (4.21) mm 3 , respectively, 24 months after treatment (P = .06 compared with the 12-month values).
Partial corneal volumes at 3, 5, and 7 mm were also significantly reduced from 3.53 (0.20), 10.7 (0.57), and 23.73 (1.41) mm 3 , respectively, at baseline to 3.40 (0.17) 
Treated Eye Untreated Eye
Pre-CXL
12-mo Follow-up
24-mo Follow-up
Pre-CXL Anterior chamber volume and anterior and posterior elevation did not change significantly during the 24month follow-up.
12-mo Follow-up
24-mo Follow-up
Anterior chamber depth decreased from 3.42 (0.15) to 3.15 (0.06) mm 24 months postoperatively, a difference that was statistically significant (P=.04). In the differential anterior chamber depth map, the highest postoperative anterior chamber depth reduction matched the exact position of the cone apex, the thinnest point, and the greatest corneal flattening.
As seen from the data in Table 6 , Ambró sio indices decreased except for the minimum sagittal curvature, which increased significantly (P = .02) from baseline to 24 months after CXL.
ENDOTHELIAL CELL COUNT
The mean baseline endothelial cell count was 2651/ mm 2 (321/mm 2 ). One month after the procedure, it was 2485/mm 2 (600/mm 2 ); 3 months after, 2390/mm 2 (625/ mm 2 ); 6 months after, 2512/mm 2 (587/mm 2 ); 12 months after, 2598/mm 2 (564/mm 2 ); and 24-month values, 2520/ mm 2 (523/mm 2 ). The difference between the baseline and 24 months after the procedure was not statistically significant (P=.13), indicating that CXL did not induce endothelial damage during follow-up.
No ocular or systemic adverse events were observed, and no significant intraocular pressure changes were seen.
COMMENT
To the best of our knowledge, this is the first study in which intraoperative topographic changes during the CXL procedure and post-CXL refractive, topographic, tomographic, and aberrometric outcomes have been analyzed in eyes with progressive stage III keratoconus.
Intraoperative topographic analysis of eyes undergoing CXL produced insight into the role of the epithelium in affecting total corneal power 34 and masking the true curvature of keratoconic corneas. [35] [36] [37] [38] Intraoperative topography obtained after epithelial removal showed a dramatic change in corneal power with an increase in the steepest meridian keratometry, simulated cylinder, and apical keratometry immediately after epithelial abrasion (Figure, A, B, and D) . Instantaneous maps demonstrated that each cone is surrounded by a ring-shaped flat area. A comparison of the flattest point of the anterior surface curvature before and after epithelial debridement showed a significant mean change from 36.44 to 32.77 D, suggesting that the epithelium probably fills in the "valleys" around the cone and would therefore be thicker where the stroma is flatter. In contrast, a comparison of instantaneous maps of the steepest point of the anterior surface curvature before and after epithelial abrasion showed a mean change from 58.82 to 61.05 D. This difference could be caused by a thinner epithelium at the cone apex, where the stroma is steeper.
The curvature changes observed are consistent with several histologic studies performed with light, [39] [40] [41] transmission electron, 42 and scanning electron 43 microscopy, which demonstrate an overall thinning of the epithelium across the keratoconic cornea and an apparent variation in epithelial thickness with a thinning in the central region and b The total differs from the sum of the remaining rows because our study did not take into account aberrations beyond Z 7 .
c Indicates statistically significant differences for the 24-month follow-up examination, calculated using the paired t test for dependent data. a thickening toward the inferior keratoconic cornea. Optical coherence tomography 44 and very-high-frequency digital ultrasound arc-scanning technology (described by Reinstein 45 ) showed that the epithelium is always thinner at the cone apex. In our study, the intraoperative findings indicate that the epithelium acts as a smoothing agent that reduces corneal power, astigmatism, and irregularity of keratoconic corneas. [46] [47] [48] [49] [50] This finding explains why topography obtained 1 month after CXL paradoxically shows an increase in the steepness of the cone. Instead of an effect of the CXL procedure itself, the increase results from the epithelial debridement alone. After reepithelialization, the effect of CXL in flattening and regularizing the keratoconic shape of the cornea is not evident until 6 months after the procedure.
However, the comparison of the intraoperative topography performed immediately after epithelial scraping (ie, before CXL) with the topography obtained 1 month post-operatively showed that the procedure had a significant effect in flattening and regularizing the corneal curvature (Figure, E) . Instantaneous map comparisons of the steepest point of the anterior surface curvature after epithelial abrasion and 1 month postoperatively showed a mean change from 61.05 to 60.54 D; the flattest point of anterior surface curvature changed from 32.77 to 34.12 D. The keratoconus regressed after CXL with flattening at the steepest point measuring an average of 11 µm after the procedure and the flat area surrounding the cone becoming progressively steeper, thus regularizing corneal curvature and reducing superior-inferior asymmetry.
Long-term follow-up showed that, after initial worsening of all keratoconus indices because of epithelial debridement, the indices improved slowly but continuously for 24 months postoperatively. This improvement was probably due to reepithelialization and the remodeling effect of CXL (Tables 3 and 4 ). Planned studies with optical coherence tomography and very-high-frequency digital ultrasound arc- scanning units may supply more data on the redistribution of the epithelium over the corneal surface after CXL. Corneal collagen cross-linking resulted in corneal flattening with a significant improvement in uncorrected and best spectacle-corrected VA 24 months postoperatively. At this point, 12 patients had gained 1 line of uncorrected VA and 15 had gained 2 lines of best spectaclecorrected VA. Mean refraction showed a statistically significant decrease in sphere and cylinder (P .03) and a shift in axis (P=.64) after CXL. The keratometry readings decreased, as did corneal asymmetry, defocus, and astigmatic, coma, and spherical aberrations.
The significant reduction of simulated keratometry, average pupillary power, apical keratometry, apical gradient curvature, inferior-superior index, cone area, corneal aberrations, and the Klyce and Ambró sio indices explain the improvement in postoperative VA. Similar results were noted by Caporossi et al 8 and Wollensak et al. 1 Both groups showed a postoperative decrease in mean keratometry and a reduction of manifest spherical equivalent. We conclude that the refractive outcomes were achieved by a flattening of the cone apex and a steepening of the part of the cornea symmetrically opposite the cone.
Corneal surface aberrometric analysis showed an improvement in all of the corneal aberrations to the seventh order, indicating a significant change in the anterior surface of the cornea. The Klyce topographic and Ambró sio tomographic indices confirmed a keratoconus regression after CXL. The Klyce indices of the treated eyes had significantly decreased by 24 months after CXL, whereas the untreated eyes showed significantly higher Klyce indices by the end of follow-up.
In conclusion, we found no statistically significant difference in corneal endothelial cell counts when comparing the preoperative and 24-month measurements, a finding supported by Wollensak et al. 5, 6, 51, 52 The lack of evidence of endothelial cell loss is an important safety consideration in assessing this new procedure. Follow-up in this patient cohort was not long enough to assess the long-term effectiveness of CXL. However, the results appear promising. 
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